Neck-seeds among pure titanium powders were homogeneously caused by the pulse discharge as an early stage in spark sintering. Their compacts showed some characteristic microstructures by the adjustment of process parameters such as temperature-history, -amplitude and applied pressure in the following continuous current discharge. Such property-controls might be carried out on the basis of the micro phenomena caused in or between powders. The allotropic transformation of ¡ and ¢ phases was utilized for achievement of full density and microstructure control, as case study of property-controls on Ti compacts. Both nearly full density and characteristic microstructures were achieved by the control of heat and cool cycles in temperature-ranges below and above ¢ transus, due to excellent thermal and load control-ability in the spark sintering equipment. The 0.2% proof and tensile strength were increased, only by rising of relative densities. In contrast, the tensile elongation and reduction of area were affected by both relative densities and microstructures. The relation among mechanical properties, density and microstructures was investigated on obtained compacts, and one method for their property-controls was proposed on the basis of this result.
Introduction
Titanium is one of uniquely industrial and biocompatible metals having high specific strength and toughness or shape memory ability. Sintering of titanium based powders, as well as aluminum based powders, is difficult even when the vacuum sintering technique is employed, because its affinity with oxygen is strong. 1) In contrast, the spark sintering method 2) is a rapid densification process, which leads to the benefit even for practical and experimental applications of powders having a low sinterability.
The sintering techniques using electric energy are classified into three groups according to the period of current flow, t i . 3) They are as follows: (1) Resistance sintering: t i = 1010 4 s, 4) (2) Pulse resistance sintering: t i = 10 ¹3 10 s, 5) (3) Electric discharge sintering: t i = 10 ¹6 10 ¹3 s. 6) The spark sintering equipment in this study has an electric source with the function of both (1) and (2) mentioned above. Further, K. Inoue had proposed not only spark sintering equipments but also the control-methods of properties in compacts utilizing micro-phenomena in particles by the adjustment of their process parameters. 7) These spark sintering techniques has developed into new ones such as plasma activated or spark plasma sintering (hereafter called spark sintering in this paper).
2) It has been revealed in previous study, that spark sintering has the potential to minimize grain growth by enhancing sinter-ability through both dielectric breakdown of an oxide film between powder particle surfaces by the pulse discharge process 8) and rapid heating by unsteady heat flow in the following continuous current discharge process. 9) The high performance of titanium compacts is achieved by their properties-control which is caused by the optimization of the manufacturing process. Also in the spark sintering, the properties-control in various compacts may be successfully achieved by control of its process parameters, because its equipment has their excellent control ability. In particular, it is considered that the properties-control is carried out by the utilization of the micro phenomena caused in or between powders. The solid transformation between ¡ and ¢ phases in titanium may be utilized for achievement of full density and microstructural control. In this study, microstructural and mechanical properties in pure titanium compacts were controlled by utilization of micro phenomena such as the solid transformation between ¡ and ¢ phases in or between particles, as the case study of their property-control. The micro phenomena could be caused by the control of cyclic heating and cooling conditions in the range of temperatures around ¢ transus, in spark sintering process.
Experimental Procedures
The pure titanium powder particles with the mean size of 35 µm were used in this study. The titanium powder was poured into the graphite die, and the die was plugged at both ends with graphite punches. As shown in Fig. 1 , the spark sintering consisted of pulse discharge and continuous current discharge process. The electric current pulse of rectangular waves was discharged from the upper electrode to the lower one. The temperatures were measured by thermocouples at the fixed position at some applied pressures and current densities. The powders were electrically discharged for 0.9 ks with a pulse current of 300 A, a pulse-discharge time and -cut time of 100 ms, and punch pressure of 5 MPa. The current density on the top surface of the graphite punch was 0.5 A/mm 2 in the pulse current discharge process. As seen in Fig. 1 , in the following continuous current discharge process, the compacts were resistance-heated to fixed maximum temperatures (1243, 1293, 1343, 1393, 1443 and 1493 K) and were held at these temperatures for 0.9 and 2.7 ks under an applied uniaxial punch pressure of 9 and 19 MPa. The temperature of a compact was estimated from that of the die, by the method that had been reported earlier, 10) and the estimated temperatures on compacts were used in this paper. The current densities were 0.53.2 A/mm 2 at the fixed maximum temperatures. Both the pulse discharging and continuous current discharging processes were carried out under vacuum conditions (<10 ¹2 Pa). Further, the cyclic heating and cooling were also conducted on selected compacts at temperatures below and above ¢ transus. Some conditions for cyclic heating and cooling are listed in Table 1 , and the typical heating histories are also shown in Fig. 2 .
The mean density throughout the rectangular shaped compacts with 12 © 12 © 52 mm was measured according to Archimedes' principle. Tensile tests were conducted on selected specimens with the gauge diameters of 8 mm and gauge lengths of 28 mm, at room temperature under an initial strain rate of 4.1 © 10 ¹4 s ¹1 in air. Three tensile samples were prepared by machining from compacts sintered at the same conditions. The microstructures on tensile samples were classified in two groups (1) only equiaxed and (2) mixture of equiaxed and elongated grains with ¡ phase, as described in detail in section 3.2.
Results and Discussion

Relative densities
It has been reported in our previous works 1113) that the densification of metallic powders consists of following three stages in the spark sintering process. 1st stage: Melting and vaporization is caused by local heat generation at the interparticle contacts by the pulse discharge process. 2nd stage: Local plastic deformation near the interparticle contacts and/or uniform plastic deformation throughout powders are caused on unsteady heat flow conditions. 3rd stage: Disappearance of isolated pores is caused by the mechanism of power law creep. The 2nd and 3rd stages are caused in the continuous current discharging process. It has been understood through experience that both process are effective in sintering for obtaining high quality compacts in short time. However, the phenomena caused in the inside and surface in powders are uncertain during this process. The stable sintering of pure titanium compacts was achieved in continuous current discharge after the pulse discharge for 0.9 ks. Where, it is considered that randomly dispersed metallic contact parts by pulse discharge were acted as seeds of the neck in sintering, and the stable sintering or enhancement of sinterability were caused through compacts in following continuous current discharge. The relative density increased on compacts produced at the fixed maximum temperatures of 1243 to 1493 K and punch pressure of 9 MPa, as those temperatures increased to 1393 K and then its value became to be constant above 1393 K, as shown in Fig. 3 . The compacts were exposed for 2.7 ks even at fixed maximum temperature above 1393 K, which meant the necessity of such long periods for the achievement of high level in density. The short period at lower temperature is necessary in the industrial applications in the point of the energy conservation.
The cyclic heating and cooling in the range of temperatures below and above ¢ transus were carried out for the achievement of high density, which might lead to short exposed periods at higher temperatures. The higher values (99.699.7%) in relative density were obtained from the conditions ④, ⑤ and ⑥ listed in Table 1 . This result meant the large effect of the high applied pressure of 19 MPa and the holding for 0.9 ks at fixed temperatures of 13931443 K as the early stage before the cyclic conditions, regardless of temperature amplitudes in the heat cycles. The high values more than 99% in density on compacts produced at the conditions ②, ④, ⑤ and ⑥, were shown in Table 1 . These values were same or higher level, compared with those of compacts sintered for 2.7 ks at fixed maximum temperatures above 1393 K, as seen in Fig. 3 . Transformation between ¡ and ¢ phases was caused by cyclic heating and cooling around ¢ transus, which might be suggested the increase in compact-density by the formation of newly transformed phases on particle surfaces at higher applied pressures. High densification rate according to the mechanism at 3rd stage mentioned above 1113) was caused by higher applied pressure at high temperatures. Further, the effect of both high temperature and pressure might correspond to the large amounts in high temperature deformation and allotropic transformation depending on the matrix-size. The suppression of grain coarsening in matrix can be prompted by the increase in applied pressures, 14) which also agrees with this result obtained from applied pressures of 9 and 19 MPa. In contrast, the fullness of pores among particles in compacts was caused by the expansion and contraction in volumes due to the solid transformation under the condition of thermal unsteady state in cyclic heating and cooling process at the applied pressures. The supposed reasons for this behavior in allotropic transformation are as follows: After the exposure of compacts at maximum temperatures of 13931493 K for 0.9 ks, the heterogeneity in temperature was microscopically caused among inside, surface and neck of grains by three dimensional heat release and generation at thermal unsteady state in cyclic cooling and heating process, respectively. 15) The pores were formed among grains in compacts during sintering. The surface of grains touching to pores shows large amount of heat release, thereby increasing the temperature gradient, compared with the inside of grains. In contrast, the electric current and heat generation concentrate in the contact parts among grains showing as their boundaries in the heating Table 1 , for cyclic heating and cooling histories around ¢ transus in the continuous current discharge. process. Also the pores neighbor on the contact parts among grains. The allotropic transformation is predominantly caused in the corner, edge and surface of grains, for the point of surface diffusion. Therefore, the surfaces on grains which neighbor on pores are predominantly acted as the site of allotropic transformation showing ¡ to ¢ and ¢ to ¡ phases. It is considered that the values in relative density were decided depending on the parameters such as the applied pressure, application of cyclic heating and cooling around ¢ transus and holding period at fixed maximum temperatures.
Microstructural characteristics
The equiaxed grains were observed in compacts produced at the fixed maximum temperatures below 1343 K, and the value of their relative density was below 96%, as shown in Fig. 3 . Figure 4(a) shows the characteristic microstructure on the compact sintered at 1243 K for 0.9 ks. The grain size was same as that (35 µm) of as-received powders. The size of equiaxed grains increased, as the fixed temperatures increased in sintering. In contrast, both equiaxed and elongated grains were observed on compacts sintered at the maximum fixed temperatures above 1393 K, and their compacts showed the relative density of approximately 99%. As an example, Fig. 4(b) shows the elongated grains with irregular and aligned shapes on compacts produced at 1393 K, and the equiaxed grains are also presented in ones. The elongated grains increased on compacts produced above 1393 K, as the fixed temperatures increased in sintering.
In contrast, for the cyclic heated and cooled compacts at temperatures around ¢ transus, the equiaxed and elongated grains were observed, and elongated grains increased with increasing upper temperatures in the cyclic heat. Figure 5 shows microstructures on the compacts produced at the conditions ① and ④ applied the pressures of 9 and 19 MPa, respectively. The fully elongated grains were observed on compacts by the holding at 1443 K for 0.9 ks as the early stage in the cycle heating, as seen in Fig. 5(a) . The equiaxed grains were formed by cooling to temperatures below ¢ transus in the cycle condition after the holding at 1443 K for 0.9 ks. This result agrees with that obtained by both treatments of hot working and recrystallization in the temperature range below ¢ transus, because of the effects of the simultaneous application of uniaxial pressure and electric current discharge in this spark sintering. Again, elongated grains were formed in equiaxed grains on compacts produced at higher pressure of 19 MPa, compared with those of 9 MPa, which meant the large effect of applied pressure. The nucleation site of ¡ grains is prior ¢ grain boundaries, which corresponds to one of the predominant sites of allotropic transformation, as described in section 3.1. Figure 6 shows the microstructure of aligned shaped grains on the compacts produced at the condition ③ and ⑥ listed in Table 1 . The cyclic heating and cooling profile at condition ③ is shown in Fig. 2(b) . The final microstructure was mainly decided by the heating in temperature-range above ¢ transus even on cyclic heated and cooled compacts without holding at the maximum temperature, as seen in Figs. 6(a) and 6(b) . This sintering process at condition ③ led to lower relative density of 98% because of short exposed period at maximum temperatures. In contrast, the holding at fixed maximum temperature of 1393 K and upper temperature in the cycle at 1323 K, led to the formation of aligned grains, as shown in Fig. 6(b) . Also, Fig. 6(b) is same as Fig. 4(d) , which means the decision of microstructure by the exposed maximum temperature in the heat histories. These elongated grains were coarsened as the temperature amplitude and applied pressure were increased and decreased, respectively, in the heat cycles. Also, the irregularly elongated grains were newly formed in coarse equiaxed grains, because of the induced microstructure by the solid transformation between ¡ and ¢ phases. It is considered that the microstructures depended on the applied pressure, maximum temperatures in cyclic heat and cool histories and temperature-amplitude in cyclic heating. Figure 7 shows the relation between the relative density and 0.2% proof stress or ultimate tensile strength. It is found roughly that both strength properties were increased linearly, as the density was increased, regardless of microstructural characteristics. In contrast, Fig. 8 shows the relation between the relative density and total elongation or reduction of area. The microstructural characteristics of compacts are also shown in this figure. The linear relation between the relative density and ductility were shown among the compacts having equiaxed grains and relative densities of less than 94%. Both the elongation and reduction of area showed an increasing trend as the density was increased, although the compacts Table 1. with highest density more than 99.7% had their low values. They showed the large amount of irregularly elongated grains. The microstructure consisting of elongated ¡ grains shows small plastic region near these grains and easy nucleation of voids at the tensile stress, compared with equiaxed ¡ grains. 16) This leads to poor ductility on Ti or its alloys of elongated ¡ grains, which corresponds to these results as shown in Fig. 7 . However, values of approximately 10% in the elongation and reduction of area were guaranteed even on their compacts having elongated ¡ grains.
Mechanical properties
The limited fracture surfaces are shown in Fig. 9 . The homogeneous deformation was caused in compacts with large amounts of equiaxed grains, as shown in Figs. 9(a) and 9(b). The homogeneous deformation was suppressed in grains due to the large amounts of irregularly elongated grains, as seen in Fig. 9(c) , although the highest relative density of 99.7% was shown in the compacts produced at condition ⑥ listed in Table 1 . In contrast, the insufficient bonding between particles was obtained on the compacts with 98% relative density produced at condition ③, as shown in Fig. 9(d) . It is considered that the ductility depended on microstructural characteristics and equiaxed grains were promising for high ductility. The fixed maximum temperature below 1443 K, narrow temperature amplitude below 230 K and lower applied pressure of 9 MPa, were recommended as one example for the good ductility properties.
Conclusions
The control of properties such as microstructure, density, strength and elongation, on Ti compacts was successfully achieved by the optimization of process parameters in spark sintering. The relative density and microstructures depended on the applied pressure, the application or temperature amplitude of the cyclic heating and cooling around ¢ transus and the holding time at fixed maximum temperatures. In particular, the achievement of high density and characteristic microstructures could be carried out by the application of cyclic heating and cooling in the range at temperatures below and above ¢ transus at high pressure, due to excellent thermal and pressure control-ability in the spark sintering equipment. The 0.2% proof and tensile strength were increased, only by rising of relative densities. In contrast, the tensile elongation and reduction of area were affected by both relative densities and microstructures. There was good correlation among the mechanical properties, microstructural characteristics and relative density. Their optimization could be also achieved by the control of process parameters, utilizing the micro (a) (b) Fig. 7 Relation between the relative density and, (a) 0.2% proof stress or (b) ultimate tensile strength on compacts produced by some conditions.
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(a) (b) Fig. 8 Relation between the relative density and, (a) total elongation or (b) reduction of area on compacts produced by some conditions. phenomena in or between powders such as the solid transformation between ¡ and ¢ phases, which led to a case study for the properties-control of Ti compacts in the spark sintering.
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(a) (b) (c) (d) Fig. 9 Fracture surfaces on some tensile tested samples with different microstructures, showing the values of (a) 94%, 21%, 26%, (b) 99%, 26%, 27%, (c) 99.7%, 9%, 11% and (d) 98%, 13%, 14%, in the relative density, total elongation, reduction of area, respectively.
